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ABSTRACT 
The distribution in liver cell fractions of UDPG-glycogen transferasc has been studied.  In 
fasting animals which  have  been  refed  6  hours  before  sacrifice,  the  distribution of the 
enzyme in the various cell fractions can be correlated with the glycogen content of each 
fraction. A  purified glycogen fraction has been prepared by differential centrifugation in 
sucrose  gradients.  This  glycogen fraction  contains vesicular structures  which  resemble 
those  seen in association with glycogen deposits in the  intact liver cell.  In addition, the 
glycogen pellet contains UDPG-glycogen transferase in high specific activity. Subfractiona- 
tion of the  glycogen pellet separates  the  majority of vesicular elements from the  bulk of 
transferase activity and glycogen.  The  evidence presented suggests  that  the  presence of 
UPDG-glycogen transferase in the  glycogen pellet is  to  be  attributed to  its  binding to 
glycogen rather than to its association with the structural elements found in the glycogen 
fraction. 
INTRODUCTION 
In  1957, Leloir  and  Cardini  (1)  reported  the 
presence of an enzyme in liver homogenates which 
catalyzed  the  addition  of  glucose  from  uridine 
diphosphate glucose (UDPG) to primer glycogen. 
Following this  original description,  the  enzyme 
was also found in muscle, from which more puri- 
fied preparations were obtained (2-5). Leloir et el. 
(4) established that the glucosidic bond formed by 
the purified enzyme from muscle was an alpha-l-4 
linkage. Even before the discovery by Leloir and 
Cardini,  a  place  had  been  prepared  for  a  new 
glycogen synthetic pathway  by inferences drawn 
from  a  large  number  of  observations  on  the 
properties  of phosphorylase.  These  observations 
made it difficult to accept the view that glycogen 
synthesis was  catalyzed  by  phosphorylase  as  a 
reversal of glycogenolysis.  Stetten and Stetten (6) 
have  recently presented  a  critical review  of the 
properties of the  latter enzyme. Further support 
for  the  acceptance of the  UDPG pathway as  the 
major  mechanism  for  glycogen  synthesis  comes 
from  the  recent description of a  human muscle 
disease characterized by the accumulation of large 
amounts of  glycogen in  skeletal  muscle,  despite 
almost complete absence of phosphorylase activity; 
in  this  case,  the  UDPG-glycogen  transferase 
activity is present at levels only slightly lower than 
in normal muscle (7,  8).  An analogous situation 
may exist in three cases of glycogen storage disease 
of liver,  reported  by  Hers  (9).  Here  too,  phos- 
phorylase  activity  was  markedly  diminished, 
though no studies of UDPG-glycogen transferase 
were reported. 
During this period in which some  clarification 
of glycogen synthesis was provided by biochemical 
studies, Porter and Bruni (10,  11) drew attention 
195 to  the  regular  association  between  glycogen 
deposits  and  certain  structural  elements  in  the 
liver cell.  In the course of a  study on the effect of 
azo  dyes  on  rat  liver,  these  workers  noted  the 
presence,  in  normal  rats,  of a  membrane  system, 
devoid of particles,  which  pervaded  the  glycogen 
rich  areas  of  the  cytoplasm.  The  presence  of 
vesicles  in  these  areas  was  demonstrated  by 
electron microscopy of thin sections of liver tissue, 
and  the  associated  deposits  were  identified  as 
glycogen  by  applying  the  periodic  acid-Schiff 
staining  procedure  to  a  subsequent  thick  section 
which  was  examined  by  light  microscopy.  The 
authors  identified  the  membrane  system  as 
"smooth  endoplasmic  reticulum"  and,  on  the 
basis  of changes in the appearance  of these struc- 
tures  during  fasting  and  feeding  experiments, 
postulated  their  function  in  "glycogen storage  or 
release"  (11).  Recently, Karrer  (12,  13)  has  pub- 
lished similar findings in studies of glycogen in the 
liver  of  developing  chick  embryos.  Karrer  has 
emphasized  the relation of the glycogen areas and 
their  membranes  to  the  Golgi  complex,  and  in 
addition  has  suggested  that  the  granules  found 
within Golgi vesicles are related to those found in 
the  cytoplasmic  matrix  in  the  glycogen  areas. 
Carasso (14) and Yamada  (15) have shown a com- 
parable  relationship  between  glycogen  and 
smooth  endoplasmic  reticulum  in  the  paraboloid 
body of the retina. 
These  biochemical and  morphological develop- 
ments  stimulated  our  interest  in  undertaking  a 
study  of  the  distribution  of  UDPG-glycogen 
transferase  in  liver  cell  fractions.  Lazarow  (16) 
and  Claude  (17,  18)  had  earlier  made  glycogen 
preparations  from  liver  homogenates,  and  their 
observations provided a  starting point for our own 
attempts.  Some difficulty in interpreting data ob- 
tained  by  cell  fractionation  procedures  could  be 
anticipated  in  view  of  the  known  tendency  of 
enzymes involved in polysaccharide metabolism to 
be  "bound"  to  glycogen.  The  binding of crystal- 
line muscle phosphorylase A  to glycogen had been 
carefully  studied  by  Madsen  and  Cori  (19). 
Robbins,  Traut,  and  Lipmann  (3)  suggested  that 
the  sedimentability  of  UDPG-glycogen  trans- 
ferase  from  rabbit  muscle  extracts  could  be 
explained on the basis of adsorption of the enzyme 
to glycogen. 
While  our  studies  were  in  progress,  Leloir and 
Goldemberg  (20)  published  their observations on 
the distribution  of UDPG-glycogen transferase  in 
rat  liver fractions.  They  isolated  a  "particulate" 
glycogen  fraction  analogous  to  that  of  Lazarow 
(16)  and  found  a  25-fold  increase  in  specific 
activity of the enzyme in this fraction as compared 
with  a  nuclear  supernatant  (total  cytoplasmic 
fraction).  In each of the other fractions,  the pres- 
ence  of  enzyme  could  be  correlated  with  the 
glycogen content, and the ratio of enzyme activity 
to glycogen was  the same for all fractions.  When 
the  "particulate"  glycogen  fraction  was  re- 
suspended  in  a  medium  containing  chemically 
isolated  glycogen  of  small  molecular  weight,  a 
substantial  portion  of  the  enzyme  activity failed 
to  sediment  upon  recentrifugation.  The  authors 
concluded  that  the  sedimentation  of  the  trans- 
ferase  was  the  direct  result  of its  binding  to  gly- 
cogen,  and  that  in  this  experiment  some  of  the 
enzyme  had  been  bound  to  the  small  molecular 
weight  glycogen  which  did  not  sediment  in  the 
centrifugal field used. 
MATERIALS  AND  METHODS 
Reagents 
Uridine  triphosphate  (UTP),  UDPG,  glucose-6- 
phosphate  (G6P),  glucose-l-phosphate  (GIP),  cyto- 
chrome c  (beef heart),  and  reduced  diphosphopyri- 
dine  nucleotide  (DPNH)  were  purchased  from 
Sigma Chemical  Company;  shellfish glycogen  from 
Mann  Research,  Inc. ; bovine  serum  albumin  from 
Pentex,  Inc.;  and  a-amylase  (hog  pancreas),  3 
times recrystallized,  from  Worthington  Biochemical 
Corporation. Lubrol was obtained from Arnold Hoff- 
man  and  Company,  Providence,  Rhode Island. 
Radioactive UDPG was prepared using uniformly 
labeled C14-glucose  (Volk Radiochemical Company), 
which  was  incubated  with  UTP,  crystalline  yeast 
hexokinase, phosphoglucomutase,  and muscle UDPG 
pyrophosphorylase.  The  first  of these  enzymes  was 
the gift of Dr. M.  Kunitz, the second and third were 
gifts from Dr.  P.  Robbins.  The product was isolated 
from a Dowex-1 column by the method of Leloir (21), 
and  was  further  purified  by  an  adsorption  step  on 
charcoal  (Norit  A).  The  final  preparation  had  a 
specific activity of 11  /~c/#mole, and  when  checked 
by  paper  eleetrophoresis  showed  only  slight  con- 
tamination by material having the mobility of UDP. 
At the dilutions of radioactive material subsequently 
used,  the  amount  of  this  contamination  would  be 
inconsequential. 
Preparation of Homogenates and Fractionation 
Male  Sprague-Dawley  rats,  150  to  250  gm,  ob- 
tained  from  the  Holtzman  Rat  Co.,  were  prepared 
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hours before sacrifice.  After 24 hours of fasting, they 
were given free access to  Purina "Fox  Chow,"  and 6 
hours later  were  stunned with  a  blow  on  the  head, 
decapitated,  and allowed to exsanguinate. The livers 
were  removed  and  chilled  in  cold  0.44  M sucrose. 
After  weighing,  the  tissue  was  minced  with  scissors 
and homogenized in 0.44 M sucrose to yield a  10 per 
cent w/v preparation.  A  glass homogenizer equipped 
with a  close fitting Teflon pestle was used. Fractiona- 
tion  into  nuclear,  mitochondrial,  and  microsomal 
fractions  was carried  out in  the manner of Siekevitz 
and Watson  (22).  All operations were carried  out at 
0-4°C. 
Analytical  Methods 
Glycogen : Samples of fractions were digested in 30 
per cent potassium hydroxide at  100°C for 20 minutes 
and  their glycogen was precipitated  with  ethanol  in 
the  presence  of  1/16  saturated  sodium sulfate.  The 
precipitates  were  taken  up  with  water  and  twice 
reprecipitated  with  ethanol.  Glycogen  was  deter- 
mined by  the anthrone method of Seifter et al.  (23) 
using glucose  as  a  standard.  In  experiments  where 
glycogen  had  to  be  determined  in  the  presence  of 
high  sucrose  concentrations,  fractions  were  first 
treated with trichloroaeetic  acid to a  final concentra- 
tion of 5 per cent.  Protein precipitates were separated 
by  eentrifugation,  and  glycogen  was  precipitated 
from the supernatant with ethanol in the presence of 
sodium sulfate.  After two  reprecipitations  the glyco- 
gen was resuspended in  water  and  determined with 
the anthrone reaction.  To check for sucrose contami- 
nation,  these suspensions were  dialyzed  against  dis- 
tilled water for 4  hours, and then the anthrone reac- 
tion was repeated. 
Protein  nitrogen,  ribonueleic  acid  (RNA),  and 
lipid  phosphorus:  The  Schneider  fractionation  pro- 
cedure  (24) was carried out on samples of the various 
cell fractions, and the extracts obtained were analyzed 
as  follows:  Phosphorus  determinations  were  carried 
out  on  lipid  extracts  by  the  Soyenkoff  (25)  method 
after digestion in concentrated sulfuric acid.  RNA in 
the  mierosomal  and  glycogen  fractions  was  deter- 
mined  by  speetrophotometry  of hot  perehlorie  acid 
extracts.  Absorption  maxima  of  the  extracts  from 
both the microsomes and the glycogen fraction  were 
at  268  m#.  Optical  densities were  converted  to  mg 
RNA  by  carrying  out  orcinol  reactions  (26)  on  the 
mierosomal  material  with  a  yeast  RNA  standard 
(prepared  by Dr.  Avery)  containing 0.090 mg P  per 
mg. The final residue from the Schneider procedure 
was digested with concentrated sulfuric acid,  and the 
nitrogen  content  of the  digest  was  determined with 
the  Nessler  reaction  (27). 
Total  protein  in  the  subfraetions of the  glycogen 
material  was  determined  by  the  method  of  Lowry 
et al.  (28)  using bovine serum albumin as a  standard. 
These determinations were carried out after precipita- 
tion of the protein with trichloroaeetic  acid. 
Enzymatic Assays 
DPNH-eytoehrome  c  reductase  was  assayed  by 
the  method  of  Strittmatter  and  Ball  (29)  using  a 
Beckman  model  DU  spectrophotometer  equipped 
with  a  Gilford  optical  density  converter  and  auto- 
matic  sample  changer  (Gilford  Instrument  Labora- 
tories,  Inc.,  Oberlin,  Ohio). 
Glucose-6-phosphatase  was  determined  by  the 
method of Swanson  (30). 
UDPG-glycogen transferase was assayed by meas- 
uring  the  incorporation  of radioactive  glucose  from 
C14-1abeled  UDPG  into  glycogen,  as  done  by  Rob- 
bins, Traut, and Lipmann (3).  Assay tubes contained 
25 #moles glycyl-glycine buffer  (pH  7.5),  1.5 #moles 
eysteine, 0.5  #mole MgC12,  0.2  #mole UDPG  (with 
6000  C.P.M.,  about  0.15  #c,  radioactive  material),  5 
mg shellfish glycogen, and 0.5 #mole G6P,  in a  total 
volume of 0.5 ml. Incubation was carried out at 30°C 
for  15 minutes, and the reaction was stopped by the 
addition  of 0.5 ml 60 per  cent potassium hydroxide. 
The  isolated  glycogen  was  reprecipitated  once  and 
then  plated  and  counted  on  a  Nuclear  Chicago 
model  181A counter equipped with a  inicromil win- 
dow  (counting  efficiency  18  per  cent).  Counts were 
corrected  for  self absorption  and  then  expressed  as 
#moles  glucose  incorporated  into  glycogen  per  15 
minutes.  In  assays of crude  fractions  this method of 
radioactive  glycogen isolation  had  to  be  used rather 
than  methods measuring UDPG  disappearance.  All 
fractions  contained  enzymatic  activity  which  liber- 
ated  glucose-l-phosphate  from  UDPG  when  the 
transferase activity  was  inhibited  either  by  omission 
of glycogen primer,  or  by  the presence of inhibiting 
concentrations of Mg  +÷  (0.01  M). 
Preparation  of Material for Electron Microscopy 
Liver tissue was fixed and treated  according to the 
method of Palade  (31)  except for embedding, which 
was carried  out in  20 per  cent methyl methaerylate, 
80 per cent butyl methacrylate. 
The following glycogen preparations  were  used. 
I. Droplet Preparations:  Pellets  (for method of prepa- 
ration,  see page 200) containing 5 to 7 mg of glycogen 
were suspended in 5 ml of 1 per cent aqueous osmium 
tetroxide.  Fixation  was  allowed  to  take  place  for 
periods ranging from 30 minutes to  4  hours.  In one 
case,  the  material  was  placed  as  a  drop  on  carbon 
coated  grids  and  air  dried.  In  other  eases,  freeze- 
drying  of fine sprays was  used.  The  suspension was 
sprayed  onto  carbon  coated  grids  supported  on  a 
brass block  partly  immersed in liquid  nitrogen.  The 
entire  block  was then removed  to  a  vacuum drying 
apparatus. 
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by carefully layering over  them  1  per  cent  osmium 
tetroxide in 0.44 ~  sucrose.  They tended to dissolve, 
but could  be repacked  by centrifugation,  lifted from 
the tube when dehydrated up to 70 per cent alcohol, 
and further processed. The pellet,  after dehydration, 
was pale  brown  and showed only slight evidence of 
layering and inhomogeneity. The embedded material 
proved difficult to section, because the sections tended 
to  dissolve in  the  boat,  leaving behind  only a  small 
frame of material. 
B.  More  satisfactory results could  be  obtained  by 
resuspending the glycogen in 5  ml of 1.31  M sucrose, 
and then adding 5 ml of 2 per cent osmium tetroxide 
in  1.31  M sucrose.  After  60  minutes of fixation,  the 
suspension was centrifuged for  20 minutes at 40,000 
n.e.M,  in  the  no.  40  head  of the  Spinco  model  L 
ultracentrifuge and yielded a two-layer pellet. Follow- 
ing initial  dehydration steps with  alcohol,  the pellet 
showed a white layer at the bottom and a deep brown 
one  on  top.  This  pellet  was  processed  according  to 
the  method  of  Palade  and  Siekevitz  (32)  modified 
so that  the  initial  dehydration  steps through  70  per 
cent alcohol were carried  out in the centrifuge tube. 
After the  70 per cent alcohol step,  the tube was cut, 
and the whole pellet was lifted out with a  fine spatula 
and  divided  into  two  parts  along  a  diameter.  Thin 
slivers (0.5 mm) were  then cut perpendicular  to this 
diameter.  This  procedure  gave small prisms of ma- 
terial,  in  which  the  top  and  bottom  surface  of the 
pellet  could  be  recognized.  The  small  face  of  the 
prism  represented  a  complete  section  through  the 
entire  depth  of the  pellet.  The  slivers  were  carried 
through  the  final  steps  in  dehydration  and,  after 
impregnation  with  monomeric  methacrylate,  were 
placed, for embedding, on polymerized methacrylate 
blocks fi'om which a  small wedge had been removed. 
This permitted  the orientation  of the  prism with  its 
small surface  toward  the  bottom  of the  block.  The 
methacrylate "cradles"  were  placed  in capsules,  ad- 
ditional methacrylate was added,  and final polymeri- 
zation  was  carried  out  in  a  45°C  oven.  The  block 
was cut so that each section represented  a  complete 
cross-section of the pellet.  Under these circumstances 
a  systematic survey of the  brown  material  could  be 
easily made from the top to the bottom of the pellet. 
In  most  cases  it  proved  expedient  to  eliminate  the 
bulk  of the  white  bottom layer  (glycogen)  by  trim- 
ming the  block  before  sectioning. 
All sections were made on the Porter-Blum micro- 
tome, collected over  10 per cent acetone, and picked 
up on wire screens covered with 0.1 per cent Formvar 
films.  Sections  were  stained  with  lead  hydroxide 
according to the method of Watson (33).  In the case 
of liver tissue, and with glycogen pellets processed by 
method  II  B,  staining was allowed to take place for 
20 minutes.  In the case of glycogen pellets processed 
by method II  A, staining was carried  out for only 2 
minutes, because longer staining appeared to dissolve 
material  from the  section,  leaving a  densely stained 
network in which no structures could be easily identi- 
fied.  After  staining,  sections  were  blanketed  with 
light carbon  films. All material was examined in the 
RCA EMU  2B electron microscope. 
EXPERIMENTAL  OBSERVATIONS 
Instability  of UDPG-Glycogen  Transferase 
When  cell  fractionations  were  carried  out  in 
0.44  M sucrose,  it  was  found  that  the recovery  of 
the  UDPG-glycogen  transferase  activity  was only 
40  per  cent; that is,  the sum of the  enzymatic 
activities  of  all  fractions  was  less  than  half  of 
the activity measured in the homogenate. A  major 
factor  in  this  under-recovery  appeared  to  be  the 
rapid  inactivation  of  the  enzyme.  Moreover,  it 
was  found  that  the  inactivation  did  not  proceed 
at a  uniform rate in all fractions, for, after 3  hours 
at 4°C,  the activity  of the  homogenate  decreased 
by  48  per  cent,  while  the  activity  of  the  micro- 
somal fraction had decreased by 94 per cent.  In an 
attempt  to  remedy  this  situation  the  components 
of  the  assay  system,  i.e. MgC12,  G6P,  glycogen, 
UDPG,  and  UDPG  plus glycogen,  were  checked 
for  their  ability  to  stabilize  the  enzyme.  Only 
TABLE  I 
Stabilizing  Effect of  Glucose-6-Phosphate on  the 
UDPG-Glycogen  Transferase Activity  of  the 
Microsomal Fraction 
Microsomal  suspensions  were  preincu- 
bated  with  varying  concentrations  of 
G6P and with  and  without  0.5  #mole/ml 
of MgC12  at  4°C.  Zero  time  and  1-hour 
aliquots  were  withdrawn  and  assayed 
in  the  complete  assay  system  described 
under  Materials  and  Methods.  Results 
are given as percentages of initial  activity 
remaining  after  1  hour.  Aliquots  of  the 
preincubation  mixture  were  diluted  1:5 
in  the final assay tubes. 
Per cent of initial activity 
remaining after 1 hour at 4°C 
Without  With MgCI2 
Concentration of G6P  MgC]2  5  X  10  -4 M 
0  39  74 
2  X  10  -4 ~a  47  79 
5  X  10  -~ M  79  97 
5  X  10  -3 M  98  97 
1  X  10-~  ~x  100  100 
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Distribution of UDPG-Glycogen Transf  erase in Liver Fractions 
Transferase  activity was  measured  with  the  complete  assay  system  described  under  Materials 
and Methods.  The  purified glycogen preparation  is  described on page 20o.  The  table  records 
the data of a  representative experiment in a  series of three. 
Transferase 
(#moles 
glucose/15  Glycogen (mg  Transferase  Protein N  Transferase 
min/gm  glucose/gm  activity per  (mg/gm  activity per 
fresh liver)  fresh liver)  mg glycogen  fresh liver)  mg protein N 
Homogenate  26.2  48.7  0.54  24.1  1.08 
Nuclei  1.12  2.8  0.40  10.4  0.11 
Mitochondria  4.42  11.7  0.38  2.6  1.7 
Microsomes  12.7  31.5  0.40  2.6  4.9 
Supernatant  0.41  1.2  0.34  6.7  0.06 
Total  18.65  47.2  22.3 
Per cent recovery  71  97  93 
Purified  glycogen  preparation  isolated  5.76  13.6  0.42  0.13  43.4 
from postmitochondrial  supernatant 
MgCI~ and  G6P appeared  to  be effective in  pre- 
venting  inactivation,  and  the  combination  of 
MgCI2 and  G6P appeared  to be most effective in 
stabilizing the enzyme. Table I  shows the effect of 
G6P and Mg  ++ on  the microsomal  enzyme. That 
the  inactivation is irreversible is suggested  by  an 
experiment  in  which  microsomal  enzyme  was 
allowed  to inactivate to 50  per cent of the initial 
activity.  At  this  point  a  concentration  of 0.01  g 
G6P  was  established,  but  the  activity  remained 
at  the  50  per  cent level rather  than  returning  to 
a  higher  level.  Cysteine,  mercaptoethanol,  and 
glutathione  could  not  replace  G6P.  Glucose-l- 
phosphate  showed some stabilizing effect, but the 
protection  afforded  was  much  less  than  that 
achieved  with  an  equimolar  concentration  of 
G6P. 
As  a  result  of these  findings,  in  all subsequent 
experiments  the  sucrose  solutions  and  suspending 
media  contained  5  X  10  -4  G6P  and  5  X  10  -4 
MgCI2. 
Distribution  of  UDPG-Glycogen  Transferase  in 
Cell Fractions  Derived from Liver Homogenate 
When  fractionation  was  carried  out  in  sucrose 
containing  Mg  ++  and  G6P,  it was possible  to re- 
cover  70  to  80  per  cent  of  the  activity  of  the 
homogenate  in  the  derived  fractions.  As  is  ap- 
parent  from  the  data  shown  in  Table  II,  the 
majority  of  transferase  activity  appears  in  the 
microsomal fraction, which also shows the highest 
specific  activity.  The  ratio  UDPG-glycogen 
transferase  activity  to  glycogen  content  appears, 
however,  to  be  comparable  in  all  fractions,  sug- 
gesting  that  the  enzymatic  activity  was  actually 
associated  with  the  glycogen.  To  test  this  possi-. 
bility the isolation of a  purified  glycogen fraction 
was  undertaken. 
Isolation  of a Glycogen Fraction 
In Lazarow's procedure  (16)  particulate  glyco- 
gen  is  isolated  as  a  firmly packed  pellet overlain 
by a loose layer of microsomal material. These two 
components  were  separated  by  pouring  off  the 
microsomal layer,  and  by washing  the  surface  of 
the  glycogen  pellet  which  adhered  to  the  tube. 
Since we were concerned with the possibility that 
the  particulate  glycogen  fraction  might  contain 
elements  derived  from  the  smooth  endoplasmic 
reticulum,  and  were  interested  in  preventing  its 
contamination  by usual  microsomes,  we  tried  to 
obtain  a  better-controlled  separation  of glycogen 
from microsomal material. 
The  reported  density,  in  dilute  solutions,  of 
glycogen,  chemically  isolated  from  liver,  is  1.54 
(Bridgman, 34), whereas the density of microsomal 
material appears to be of the order of 1.30 (Ander- 
son,  35).  Theoretically  this  situation  is  ideally 
suited  to  a  separation  by  means  of  isopycnic 
centrifugation  in  density  gradients,  but  suitable 
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difficult to find.  The density of glycogen is greater 
than that of saturated  sucrose solutions; moreover, 
sucrose  solutions  of  high  density  are  extremely 
viscous.  An  attempt  was  therefore  made  to  use 
Diodrast  (density  1.36)  to increase  the  density of 
sucrose  solutions  without  increasing  their  vis- 
cosity.  Diodrast  had  been  used  successfully  by 
Hartley, McShan,  and Ris (36) for the isolation of 
pituitary  granules,  but  when  it was  tried  for  the 
isolation  of  a  glycogen  fraction  it  caused  total 
inactivation  of  the  UDPG-glycogen  transferase. 
We  therefore returned  to sucrose  as  a  suspending 
agent,  and  attempted  to  carry  out  differential 
centrifugation in gradients of high sucrose concen- 
tration.  It was hoped that the density and viscosity 
of sucrose  solutions would  act  as  a  screen  for the 
microsomal  materials,  and  that  a  suitable  cen- 
trifugal  field  and  time  point  could  be  chosen  for 
the collection of a  purified  glycogen fraction.  Six 
ml  aliquots  of  homogenate  (in  0.44  M sucrose), 
from  which  mitochondria  and  nuclei  had  been 
removed,  were  layered  over  5  ml  of  sucrose  in 
various tubes, the sucrose ranging in concentration 
from  1.6  to 2.1  M.  Centrifugation was carried out 
for 1 to 3 hours at 40,000 R.P.M. in the no. 40 head 
of the Spinco ultracentrifuge. The density gradient 
system which was finally chosen was one in which 
the  pellet obtained  at  the  bottom  of the  sucrose 
layer  showed  a  maximal  ratio  of  glycogen  to 
protein  nitrogen.  Such  a  ratio  was  obtained  in  a 
system in which the lower phase was 2.1  M sucrose, 
and  which  was subjected  to a  centrifugal  field of 
105,000 g  for 60  minutes.  The  appearance  of the 
tube at the end of the centrifugation period showed 
an  accumulation  of  pink  material  both  at  the 
0.44 u/2.1  M sucrose interface, and on the walls of 
the  tube in  a  line which represented  the  position 
of the  interface  during  eentrifugation.  The  2.1  M 
sucrose layer was somewhat opalescent, and at the 
bottom  of  the  tube  was  a  colorless,  gelatinous 
pellet,  adherent  to  the  tube  wall.  The  entire 
supernatant was poured off, and the tube momen- 
tarily drained by inversion. The side-wall material 
which represented  the sucrose  interface was care- 
fully wiped clean,  and  the pellet of glycogen was 
suspended  with  a  Teflon pestle.  The  pellets were 
suspended  in 0.44 M sucrose  (containing G6P and 
MgC12) for enzymatic assay, and in distilled water 
for chemical  analysis.  On resuspension  the  mate- 
rial  gave  an  apparently  homogeneous  milky 
suspension which showed no tendency to settle out. 
The  glycogen  fraction  isolated  through  2.1  M 
sucrose contains about 40 per cent of the glycogen 
of the postmitochondrial  supernatant  from which 
it is derived. As is further shown in Table  II, this 
glycogen represents  28  per  cent  of the  total  cell 
glycogen.  UDPG-glycogen  transferase  is  also 
present in sizable amount in the glycogen fraction, 
but when  the enzyme activity is expressed on the 
basis  of  activity  per  milligram  of  glycogen,  the 
value is  the same  as  that  found  in  all other frac- 
tions. On the basis of protein nitrogen content, the 
glycogen fraction  represents  a  40-fold  increase  in 
specific activity over the homogenate. 
Though  these  results  in  Table  II  are  entirely 
consistent with the hypothesis that sedimentability 
of the  UDPG-glycogen transferase  activity is  the 
result  of  its  binding  to  glycogen,  we  were  con- 
cerned  with  the  possible  heterogeneity  of  the 
glycogen fraction.  Specifically, we questioned  the 
possibility that  membrane  units  derived from the 
smooth  endoplasmic  reticulum,  which  had  been 
shown  by  Porter  and  Bruni  (10)  to  be  closely 
associated with glycogen deposits in the intact cell, 
might  sediment  with  the  glycogen.  With  this 
possibility  in  mind  we  carried  out  further  bio- 
chemical  studies  on  the  glycogen  fraction,  and 
later studied  its morphology. 
Ernster, Siekevitz, and Palade (see Siekevitz, 37) 
have shown that a  membrane preparation derived 
from hepatic microsomes treated with 0.3 per cent 
deoxycholate  contains  DPNH-cytochrome  c 
reductase  and  glucose-6-phosphatase  in  high 
specific activity. Segal and Washko  (38)  have also 
shown  the  same  sort  ot  results  for  glueose-6- 
phosphatase.  Since  it  appeared  that  both  of 
these  were  "membrane-associated  enzymes," 
the glycogen pellet was assayed for their presence. 
The  results  are  shown  in  Table  III.  While  the 
specific activity of glucose-6-phosphatase  appears 
to  be  somewhat  lower  in  the  glycogen  fraction 
than  in  the  microsomes,  values  for  DPNH- 
cytochrome  c  reductase  and  lipid  phosphorus 
appear  to be quite similar. As will be shown later, 
the finding ot an RNA/protein ratio equal to that 
of  the  microsomes  was  somewhat  surprising  be- 
cause  the  membranes  which  are  present  in  this 
fraction  appear  to  be  largely  devoid  of  RNP 
particles. 
Morphological Studies 
Droplet  Preparations:  Fig.  1  shows  the  typical 
appearance  of the  glycogen fraction  when  exam- 
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masses  of amorphous,  moderately  dense  material 
can be seen. Within the mass of amorphous mate- 
rial  there  are  numerous  discrete  round  bodies 
whose  appearance  suggests  that  they  represent 
small  vesicles  which  have  dried  on  a  surface, 
giving  an  image  with  thick  side  walls  and  a 
thinner top. 
Sectioned  Material:  When  glycogen  pellets  are 
fixed in situ by layering fixative over them (method 
II A  under Materials and Methods),  the associa- 
tion  of  the  structural  elements  and  the  glycogen 
tends  to  be retained,  with only slight layering as 
a  result of the centrifugation required for repack- 
ing  the  pellet.  The  embedded  material  can  be 
sectioned with difficulty, and electron microscopy 
of thin sections shows many vesicles of varied size, 
which  appear  to  be  enmeshed  in  an  amorphous 
network  of  faintly  staining,  somewhat  granular 
material.  Fig.  2  shows a  small representative field 
in such a  pellet. Some of the vesicles can be clearly 
identified  as  derivative  from  the  rough  surfaced 
endoplasmic reticulum,  for they bear particles on 
their surface, but the majority appear to be smooth 
walled.  In examining such a  pellet from its upper 
to  its  lower  surface,  there  appears  to  be  little 
segregation of vesicles on the basis of size,  and in 
this respect the pellet is quite uniform at all levels; 
there  are,  however,  local  differences  in  the 
amount  of  amorphous  material  at  various  levels 
of  the  pellet.  In  addition  to  smooth  and  rough 
surfaced  vesicles  there  are  clumps  of  granules, 
irregular  in  size  and  shape,  and  varied  in  their 
density  after  staining.  It  is  possible  that  these 
granules  are  related  to  the  granules  seen  in  the 
glycogen  deposits  ot  the  intact  liver  cell,  or  to 
RNP  particles.  The  amorphous  matrix  material, 
in  which  the  structural  elements  appear  to  be 
embedded,  can  be  differentiated  from  the  em- 
bedding  methacrylate,  and  it  is  likely  that  this 
material  is  glycogen. 
Though  fixation  of  the  glycogen  pellet  in  situ 
has  the  advantage  of preserving  the  spatial  rela- 
tionship between the components of the pellet, the 
difficulty of sectioning such pellets makes it hard 
to  survey  adequately  the  character  of  the  mem- 
branous vesicles present.  Sections tend to dissolve 
once  they  are  cut,  and  it  is  difficult  to  obtain  a 
complete  section which includes  the  entire depth 
of the pellet.  Moreover, in some cases the appear- 
ance  of  the  vesicles  within  the  glycogen  matrix 
makes  it  difficult  to  identify  them  as  smooth  or 
rough  surfaced.  These  difficulties  are  eliminated 
when the fraction is resuspended in 1.31  M sucrose 
before fixation (method II B under Materials and 
Methods). After fixation and recentrifugation, the 
pellets show  separation into  a  membranous layer 
(brown)  and a  glycogen layer  (white).  When the 
bulk of the white layer is eliminated by trimming, 
the  sections  can  be  easily  cut.  Fig.  3  shows  a 
representative  field  from  a  section  prepared  in 
this way.  The field shown is taken from the mid- 
portion of the  brown  layer,  and is representative 
because it indicates the size range of vesicles seen 
during a  survey from the top of the pellet, where 
vesicular elements are small, to the bottom, where 
TABLE  III 
Comparison of Some Properties of the Glycogen Fraction with the Microsomal  Fraction 
The data shown in this table are taken from an experiment in which the glyco- 
gen and microsomes were prepared from the same liver sample by methods 
described in the text.  Four glycogen and two microsomal fractions from two 





Glycogen  G6Ptase  c red. 
(mg/mg  RNA  Lipid P  (#g P/15  (b~moles/hr/ 
protein N)  (mg/mg  N)  (/zg/mg N)  rain/rag N)  mg N) 
Glycogen fraction  0.064  169  1.14"  102  0.342  340 
Microsomes  2.90  8.4  1.12  123  0.870  240 
* Though the RNA/protein nitrogen ration for this fraction appears to be identical 
with that for the microsomal fraction, it should be emphasized that the total amount 
of RNA present represents about 2 per cent of the total RNA of the microsomal frac- 
tion. Thus the RNA present in this fraction is less than 1 per cent of the total for the 
whole homogenate. 
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Electron  micrograph  showing  a  small  area  of  a 
frozen-dried  spray  preparation  of  the  glycogen 
fraction  (prepared  according  to  method  I;  see 
under  Materials  and  Methods).  The  glycogen 
pellet was suspended in 1 per cent aqueous osmium 
tetroxide  before  spraying.  In  the  field  shown, 
many  vesicles  with  thick  side  walls  can  be  seen 
embedded  in  an  irregularly  shaped  mass  of 
amorphous material.  X  48,000. 
mostly larger elements are  seen.  The vesicles are 
heterogeneous  in  appearance,  though  the  pre- 
dominant form is a  smooth surfaced vesicle show- 
ing great variation in size. Vesicle profiles bearing 
attached  particles  are  a  minor  component,  and 
where present show fewer particles than  are seen 
in  the  rough  surfaced  endoplasmic reticulum  of 
the  intact  cell  or  in  an  isolated  microsomal 
fraction. The contents of the vesicles are of varying 
density, and a small number of them show densely 
stained homogeneous material. The picture of the 
membranous  material  seen  in  this  preparation 
FIGURE 
Electron micrograph of a  thin section through  a 
glycogen  pellet  which  has  been  fixed  in  situ  by 
method II A  (see under Materials and Methods). 
The  section was  stained with  Watson's  (33)  lead 
hydroxide for 2 minutes. This field has the typical 
appearance  of such  preparations,  showing many 
vesicles  enmeshed  in  an  amorphous  matrix.  In 
the  lower  left  margin  of  the  micrograph,  this 
amorphous  matrix  (A)  stands  out  in  contrast  to 
the  methacrylate  embedding  material.  The  ma- 
jority of the vesicles  appear to  be smooth walled, 
but some show  attached particles (R).  In addition 
to the vesicular elements,  clumps of granules  (GR) 
varying in  shape  and in intensity  of staining can 
be seen.  X 48,000. 
appears to be comparable to that seen in glycogen 
pellets fixed  in  situ,  except for  the  concentration 
and  size  distribution  of  the  vesicles.  The  resus- 
pended material appears to show a  larger average 
vesicle  diameter.  In  view  of  the  history  of  the 
material  before  fixation,  i.e.  isolation  in  2.1  M 
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size difference is probably  of little significance. 
Though  each  of  the  three  methods  used  for 
electron  microscopy  of the  glycogen  fraction  has 
its  own  limitations,  the  picture  of  the  structural 
component  is  consistent  from  one  preparation 
to another,  i.e., vesicles, the majority of them with 
smooth  surfaces. 
Liver  in  Situ:  For  comparison  with  the  picture 
seen in isolated preparations,  Fig. 4 shows a  small 
section  of  a  liver  cell  prepared  from  an  animal 
fasted  and refed in the  manner  used  for  the  pre- 
viously  described  experiments.  The  portion  of 
the cell in the figure is located near a bile canalicu- 
lus,  and  shows  a  glycogen  area  with  the  typical 
appearance  described  by  Porter  and  Bruni  (I0, 
ll)  and  Karrer  (12,  13).  The  larger  granules 
which  appear  to  stain  with  varying  intensity 
have been  associated with  glycogen deposits,  and 
can be contrasted with the smaller, more uniformly 
staining  ribonucleoprotein  particles  attached  to 
the  endoplasmic  reticulum.  Smooth  surfaced 
elements  of  the  endoplasmic  reticulum  can  be 
seen  dispersed  through  the  glycogen  area.  They 
appear either as isolated circular and oval profiles, 
or  as  a  closely  packed  network  of  irregularly 
shaped,  somewhat  tubular  elements. 
Subfractionation  of the Glycogen Preparation 
Membranous  elements are  therefore  present  in 
the  glycogen  fraction,  and  their  predominantly 
smooth  surfaced  appearance  suggests  the  possi- 
bility that  they are derived from the smooth sur- 
faced endoplasmic reticulum  The apparent  rapid 
sedimentation  rate  of  these  vesicular  elements 
could  be  explained  by  their  association  with  the 
more  dense  and  rapidly  sedimenting  glycogen. 
Glucose-6-phosphatase  and  DPNH-cytochrome 
c reductase data suggest that these membranes are 
related  to  other  microsomal  membranes.  The 
entire  picture  is  consistent  with  that  seen  in  the 
intact  liver  cell,  and  makes  necessary  a  further 
analysis  of the relation  of UDPG-glycogen trans- 
ferase  with  each  of  the  two  morphologically 
distinguishable  components  (membranes  and 
amorphous  material)  of  the  glycogen  fraction. 
When  further  fractionation  of  the  glycogen 
pellet was undertaken,  it was found that the trans- 
ferase activity was more stable in sucrose concen- 
trations higher than 0.44 M and more stable when 
such  solutions  were  buffered  with  0.05  M glycyl- 
glycine (pH  7.5). 
Glycogen  pellets,  isolated  from  2.5  gm  fresh 
liver,  were  resuspended  to  10  ml  with  1.31  M 
sucrose  containing  glycyl-glycine  (pH  7.5,  0.05 
g), G6P  (5  X  10  -4 ~),  and  MgC12 (5  X  10-%~). 
The  resuspended  glycogen  fraction  was  layered 
over 1.5 ml of 2.1  M sucrose and centrifuged in the 
No.  40 rotor of the  Spinco at 40,000  R.P.M. for  1 
hour.  At  the  end  ot  the  centrifugation,  the  top 
8.5  ml  was  carefully  aspirated  (designated  S1). 
The remaining  1.31  M sucrose layer, the interface, 
and  the  2.1  M  sucrose  layer  were  poured  off 
(designated  $2),  leaving  a  colorless  pellet in  the 
bottom of the tube which was resuspended  in the 
1.31 M sucrose medium. 
As shown in Table IV, this procedure has freed 
the pellet of all but 5  per cent of the protein  and 
DPNH-cytochrome  c  reductase  activity.  That 
these  chemical  data  reflect  the  separation  of 
membranous  elements  from  the  pellet  was  con- 
firmed  by  examining  droplet  preparations  from 
the  pellet  in  the  electron  microscope.  Only  the 
amorphous  material  remained;  no  structured 
elements could  be seen,  though  they were  found 
to be present in the S1  and  $2 fractions.  Though 
membranous  material  has  been  extensively  re- 
moved from  the  pellet,  63  per  cent of the  trans- 
ferase  activity remained  there. 
An  attempt  to  achieve  further  separation  of 
membranous  elements from the glycogen  fraction 
was made with  the use of detergents.  It was  pOS- 
TABLE  IV 
Sub  fraction of the Glycogen Pellet 
These  data  were  obtained  in  a  single 
experiment  taken  from  a  series  of  three. 
There  is close agreement in the series for 
all  values  except  for  activity  of DPNH- 
cytochrome  c  reductase.  The  total  re- 
covery  for  this  enzyme  varies  from  one 
experiment  to  another,  though  the  per- 
centage distribution  of the activity in the 
S1,  $2,  and  pellet subfractions  is in close 
agreement for all experiments. 
Total  DPNH-Cyt UDPG-glycogen 
protein*  c reductase  trunsferase 
(rag/gin  (/zmoles  eyt ¢  (/~raoles/15 
fresh  redueed/hr/gm  min/gm 
liver)  fresh liver)  fresh liver) 
S  1  490  7.9  0.35 
S 2  91  1.7  0.79 
Pellet  38  0.62  1.92 
* Proteins determined  by Lowry et al.  (28)  proce- 
dure using bovine albumin as standard. 
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Electron micrograph showing a representative field in a thin section of a membranous component de- 
rived from the glycogen fraction.  This material  was obtained  from the  glycogen pellet  by  fixation 
after resuspension in  1.31  M sucrose (method II B; see under Materials  and  Methods).  The section 
was stained with lead hydroxide for 20 minutes. The field shown is taken from the mid-portion of the 
brown layer of the recentrifuged pellet,  and shows numerous smooth surfaced vesicles of varied di- 
ameter.  Though vesicles with smooth surfaces are  the  predominant form,  there  are  many profiles 
with small numbers of attached particles  (R). The paucity of particles on the surface of some of these 
vesicles resembles the picture seen in the intact liver cell  at the point where the smooth surfaced and 
rough surfaced endoplasmic reticulum are joined. The density of the vesicle contents is variable, and 
a  small fraction of the vesicles contain opaque, uniformly staining material  (D).  X  48,000. FIGURE  4 
Electron  micrograph showing a  typical  glycogen rich  area of a  liver parenchymal cell  at relatively 
high magnification.  The section was stained with lead hydroxide for  20 minutes.  In  the lower  left 
margin of the figure a  portion of a  bile canaficulus can be seen.  Above the mitochondrion  (M)  are 
large  variably  stained granules  (GR) which  have  been  associated with  glycogen deposits  (12,  13). 
These are to be contrasted with the smaller, more uniformly stained granules attached to the rough 
surfaced endoplasmic reticulum  (RER). The  smooth endoplasmic reticulum  (SER) can  be seen in 
the form of oval  and round  profiles,  some of which are  connected  in  an irregular  network  closely 
associated with the granules of the glycogen deposit. ]unctions between the smooth and rough sur- 
faced endoplasmic reticulum  (J)  can be seen at several points in the field.  A  Golgi complex  (G)  is 
seen at the upper left-hand corner of the micrograph.  X  48,000. sible  to  use  Lubrol-WX,  a  non-ionic  detergent, 
without inactivation of the UDPG-glycogen trans- 
ferase. When  I  per cent w/v Lubrol was added  to 
the suspending medium and an experiment identi- 
cal with the one reported in Table IV was carried 
out,  the pellet obtained  had  a  specific activity  1.7 
times that  of the  pellet prepared  without Lubrol. 
The  transferase  activity of the  Lubrol  pellet also 
represented  some 60 per cent of the total activity. 
Because lubrol inhibited both DPNH-cytochrome 
c reductase  and  glucose-6-phosphatase,  it was  not 
possible  to  quantitate  its  effect in  terms  of these 
enzymes.  It  is  reasonable  to  assume,  however, 
that  the further  removal of protein  material from 
the  glycogen by  a  detergent  may represent  addi- 
tional  elimination  of  membrane  material  from 
this pellet. 
Since extensive removal  of membranous  mate- 
rial  from  the  glycogen  pellet  by  these  two  pro- 
cedures  does  not remove  the  bulk  of the  UDPG- 
glycogen transferase,  it seems unlikely  that  trans- 
ferase  is  directly  associated  with  these  structural 
elements.  The presence  of the enzyme in the gly- 
cogen pellet suggests  that  it is somehow  bound  to 
glycogen.  This  hypothesis  was  tested  by  treating 
the glycogen fraction with  amylase. 
Amylase Treatment of the Glycogen Fraction 
Glycogen  pellets  prepared  by  the  usual  pro- 
cedure were suspended  in  1.31  M sucrose contain- 
ing 0.02 ~  maleic acid buffer (pH 6.9), 5  X  10  .3 M 
NaC1,  3  X  10  -3 M cysteine, 5  X  10  -4 M G6P,  and 
5  X  10  -4  M MgC12.  The  volume was adjusted  so 
that  glycogen  derived  from  0.5  gm  of  fresh 
liver  was  present  in  each  milliliter.  A  control 
tube  and  a  tube  containing  10  pg/ml  of c~-amy- 
lase were incubated at 26°C for 25 minutes. At the 
end  of  this  period,  1  ml  aliquots  were  removed 
from  the  incubation  tubes  and  diluted  with  cold 
1.31  M  sucrose  containing  0.05  M  glycylglycine 
buffer  (pH  7.5),  5  X  10  -4M  G6P,  5  X  10  -4  M 
MgC12,  and  3  X  10  -3  M cysteine.  The  diluted 
material  was  centrifuged  at  40,000  R.P.M. for  30 
minutes in the No.  40.3  rotor of the  Spinco ultra- 
centrifuge.  The  supernatants  were  collected  by 
decantation,  pellets  were  suspended  in  the  same 
sucrose solution which had been used to dilute the 
incubation  mixtures,  and  both  preparations  were 
then  assayed  for  UDPG-glycogen  transferase 
activity in  the usual  assay system.  Care was  taken 
to dilute the original amylase incubation  mixture 
at  least  50-fold,  for  at  lower  dilutions  the  glyco- 
genolytic action of this enzyme interfered with the 
transferase  assay. 
The  results  of this  experiment,  summarized  in 
Table V, show that  amylase  treatment  has exten- 
sively  altered  the  sedimentability  of  UDPG- 
glycogen  transferase.  In  the  amylase-treated 
material,  87  per cent of the recovered  transferase 
activity  remained  in  the  supernatant  after  cen- 
trifugation, while in the untreated material, 92 per 
cent  of  the  activity  migrated  into  the  pellet. 
Though it may  appear  from this experiment  that 
amylase has "solubilized" the enzyme, experiments 
in which  centrifugation  is carried  out for 3  hours 
instead  of  30  minutes  suggest  that  a  significant 
portion  of the  enzymatic  activity sediments  at  a 
higher rate  than  could  be expected  for a  protein. 
After  3  hours,  40  to  60  per  cent  of the  total  re- 
coverable  transferase  activity  is  present  in  the 
pellet.  There  is  extensive inactivation  of UDPG- 
glycogen  transferase  in  these  prolonged  experi- 
ments and, accordingly, little quantitative reliance 
can  be  placed  on  the  results.  They  do  suggest, 
though,  that  some  of  the  enzyme,  apparently 
"soluble,"  after  30  minutes  of centrifugation,  is 
actually bound  to smaller units of glycogen which 
are  the  result  of  the  "dextrinizing"  action  of 
amylase. 
Distribution  of  UDPG-Glycogen Transferase in 
Fasting Animals 
Further  evidence for  the  binding  of transferase 
activity  to  glycogen  comes  from  experiments  in 
which  liver  glycogen  was  depleted  in  vivo by 
fasting.  Animals  which  have  fasted  for  72  hours 
contain  14  mg  glycogen per  gm  of liver.  In  this 
case, the percentage of transferase  activity remain- 
ing in the postmicrosomal  supernatant  (expressed 
on the basis of total  recovery rather  than  homog- 
enate)  is  13  to  17. This can be compared with the 
2  per  cent  activity remaining  in  the  microsomal 
supernatant in the case of fed animals. Even lower 
glycogen contents  are  found  after shorter  periods 
of fasting. When animals which have been trained 
to  eat  in a  2  hour  period  are  sacrificed 24 hours 
after  the  beginning  of a  feeding period,  glycogen 
levels of 1.4 mg per  gm of fresh  liver can  be  ob- 
tained.  In such an animal 80 per cent of the total 
transferase  activity is  recovered in  the  postmicro- 
somal  supernatant. 
Using animals which have fasted for 24 hours in 
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Amylase  Treatment  of Glycogen Fractions 
Experimental methods are given in the text. 
No treatment  Treatment with amylase 
(10 ,ug/ml) 
UDPG-  UDPG- 
glycogen  glycogen 
transferase  transferase 
(#moles/15  Glycogen*  (~rnoles/15  Glycogen* 
min/gm  (rag/gin  rain/gin  (mg/gm 
fresh liver)  fresh  liver)  fresh liver)  fresh  liver) 
Material  before  centrifugation  4.98  11.5  3.53  -- 
Supernatant  0.29  2.3  2.53  2.2 
Pellet  3.50  9.1  0.39  3.9 
Total  3.79  l 1.4  2.92  6.1 
* Glycogen was  determined  in  trichloroacetic  acid  supernatants  as  described  under 
Materials  and Methods. 
this way, an enzyme preparation  can be obtained 
which  fails to  sediment  in  the microsomal  pellet. 
When  a  control  aliquot containing  this  "soluble" 
enzyme in 0.44 u  sucrose and  an aliquot to which 
has been added about 2 mg of glycogen (prepared 
by  dialyzing  a  glycogen  fraction  from  a  refed 
animal)  are  centrifuged  for  one  hour  at  40,000 
R.P.M. in the no. 40.3 head of the Spinco, less than 
1 per cent of the  enzyme activity is found  in  the 
control pellet, whereas the corresponding figure is 
25  per  cent for  the  glycogen-treated  sample. 
DISCUSSION 
A  major  stimulus  for  starting  the  investigation 
here  reported  was  provided  by  newly  described 
structural  relationships  for  glycogen  in  the  liver 
cell (10,  11).  The association of glycogen deposits 
with the smooth membrane  structures  which per- 
vade the glycogen areas of the cytoplasm appeared 
to  be  so  intimate  that  we  could  anticipate  the 
possibility  of  recovering  these  structures  in  a 
glycogen  fraction.  Though  our  method  was  de- 
signed  to  insure  the  separation  of  the  glycogen 
from usual  microsomal elements,  the fraction  ob- 
tained  did  contain  predominantly  smooth  sur- 
faced  vesicles  similar  to  those  described  in  situ. 
This  glycogen  fraction  showed,  in  addition, 
DPNH-cytochrome  c  reductase  and  glucose-6- 
phosphatase  activities,  i.e.,  enzymatic  activities 
which have been associated with the membranous 
component of the microsomes  (37,  38).  The rapid 
sedimentation  of  these  vesicles  through  2.1  M 
sucrose  (density  1.28)  suggested  that  their  sedi- 
mentation was probably  facilitated  by association 
with the glycogen (density in water  1.54).  In these 
respects  the  results  obtained  by cell fractionation 
can  be  satisfactorily  correlated  with  the  observa- 
tions  made  in  the  intact  cell;  the  association  be- 
tween  vesicles  and  glycogen  deposits  apparently 
survives  homogenization  and  is  intimate  enough 
to  resist  high  centrifugal  fields  and  a  passage 
through  the  interface  between  0.44  M and  2.1  M 
sucrose. 
Glycogen pellets have only rarely been examined 
by  electron  microscopy,  and  so  far  membranous 
elements have not been described as a  component 
of  these  preparations.  No  vesicular  profiles  are 
visible  in  the  electron  micrograph  of  a  droplet 
preparation  of hepatic  particulate  glycogen  pub- 
lished  by  Claude  (18).  Drochmans  (39)  does  not 
mention  the presence of membranous  elements in 
sections  of  a  glycogen  pellet  prepared  from  rat 
liver  homogenates  by  differential  centrifugation 
after  acid  precipitation  of microsomes  and  mito- 
chondria. In this case, the differences from our own 
observations  may  result  from  the  specific experi- 
mental  conditions  used  by  Drochmans:  acid 
treatment  (pH 5.2)  and  the use of agar to suspend 
the glycogen for fixation and embedding. 
The  functional  significance  of  the  associated 
membranes  was originally considered  in  the light 
of the information available when the study began. 
Phosphorylase appeared  to be a  "soluble" enzyme 
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liminary  studies  suggested  that  in  a  fed  animal, 
34  per  cent of the  phosphorylase  activity of liver 
homogenates  was  present  in  the  postmicrosomal 
supernatant.  Our attention  was therefore directed 
to  glycogen  synthesis  and  to  the  possibility  that 
UDPG-glycogen  transferase  was  carried  by  the 
membranes of the glycogen fraction. At that time, 
Robbins,  Traut,  and  Lipmann  (3)  had  demon- 
strated  the  particulate  behavior of the  transferase 
in  muscle,  but  interpreted  this  observation  in 
terms  of  glycogen  binding.  We  studied  the  dis- 
tribution  of  UDPG-glycogen  transferase  in 
homogenates made from the livers of fed rats  and 
found  that  98  per  cent of the  transferase  activity 
could  be sedimented,  and  that  the distribution  of 
enzyme  activity  in  the  various  cell  fractions 
paralleled  closely the  distribution  of glycogen.  In 
these  respects  our  data  were  in  agreement  with 
the  observations  of Leloir  and  Goldemberg  (20). 
Since we found,  however,  that  the  glycogen frac- 
tion  is  not  homogeneous,  but  contains  membra- 
nous elements probably  derived  from  the  smooth 
endoplasmic  reticulum,  it  became  necessary  to 
examine  the  association  of  glycogen  and  trans- 
ferase  activity  in  more  detail.  To  this  intent  we 
subfractionated  the glycogen pellet.  When refrac- 
tionation in  1.31 M sucrose was carried out, it was 
possible  to  dissociate  transferase  activity  and 
glycogen  from  DPNH-cytochrome  c  reductase 
activity  and  membranes.  Thus  it  appeared  that 
the  sedimentation  of  transferase  in  the  gly- 
cogen pellet was  the result  of a  direct association 
with  glycogen.  Additional  evidence  for  such  an 
association  came  from  experiments  in  which  the 
sedimentation  of  the  enzyme  was  modified  by 
experimental  alterations  in  content  of  glycogen. 
These were obtained  either by treating  the glyco- 
gen  fraction  with  amylase,  or  by  starving  the 
animals  prior  to cell fractionation.  Direct binding 
of"soluble"  enzyme to glycogen could be observed 
when enzyme isolated from the liver of a  24-hour- 
starved  animal  was  used. 
Villar-Palasi  and  Larner  (40)  have shown  that 
UDPG-pyrophosphorylase,  an enzyme which may 
represent the major source of UDPG  (by conden- 
sation  of  UTP  with  GIP),  remains  in  the  final 
supernatant  when  liver  homogenates  are  cen- 
trifuged  at  100,000  g  for  1  hour.  In  Leloir's 
laboratory,  the branching enzyme has been found 
to  be  present  in  the  supernatant,  and  not  in  the 
glycogen fraction  (41).  These data  taken  together 
with our own suggest that the membranes isolated 
with  the  glycogen  fraction  have  no  direct  enzy- 
matic  function  in  glycogen  synthesis.  Such  an 
interpretation  is of course subject to the limitation 
of  the  cell  fractionation  method,  and  is  mainly 
based on the assumption that there is no relocation 
of enzymatic  activity during  homogenization  and 
subsequent  fractionations. 
Furthermore,  published  observations  concern- 
ing  the  distribution  of enzymes  related  to  glyco- 
genolysis  make  it  difficult  to  assign  a  direct 
enzymatic  role  in  glycogen  breakdown  to  these 
membranous  structures.  The  phosphorylase  acti- 
vating enzyme  has  been  shown  by  Rail,  Suther- 
land, and  Berthet  (42) to be  mostly present in  the 
postmicrosomal supernatant  of liver homogenates. 
A  similar  distribution  pattern  was  found  for 
phosphoglucomutase  by  Hers  et  al.  (43).  Though 
glucose-6-phosphatase appears to be present in the 
membranous  component  of the glycogen fraction, 
its specific activity is low, and it does not represent 
a  large fraction of the total  cell activity. 
Some  recent  electron  microscopic  studies  by 
Revel  et  al.  (44)  indicate  an  inconstancy  in  the 
association  of  smooth  surfaced  endoplasmic 
reticulum  with  glycogen.  The  association  is 
completely  absent  in  the  glycogen  body  of  the 
chick  and  in  brown  fat  cells.  Such  observations 
suggest  that  the  membranes  have  no  direct 
enzymatic  function  in  the  "immediate" reactions 
in glycogen synthesis OF breakdown.  If the agranu- 
lar  reticulum  does  have  a  specific  functional 
association with the glycogen of liver, its role may 
be  related  to  the  specific  physiologic  function  of 
the  liver  cell  in  glycogen  metabolism,  i.e.  as  an 
immediately  available  reservoir  for  maintenance 
of the blood glucose level, or it may be related  to 
enzyme  systems  associated  with  glycogen  metab- 
olism which are found only in liver. 
Recently,  two  enzymatic  activities  have  been 
localized in  a  liver glycogen fraction  prepared  in 
the manner  of Leloir  (10).  Halac and  Frank  (45) 
have  found  that  glucuronyl  transferase  activity is 
associated  with  liver  (rat)  glycogen  fractions. 
These  authors  have  made  a  further  interesting 
observation.  In the homozygous  Gunn  rat,  where 
glucuronyl  transferase  is  almost  entirely  absent, 
glycogen contents  of the  liver are  extremely low. 
Olavarria  (46)  has  demonstrated  the  presence  of 
an  enzyme  or  enzymes  in  the  glycogen  fraction, 
208  THE  JOURNAL OF BIOPHYSICAL  AND BIOCHE.~IiCAL  CYtOLOgY • VOLUME 10, 1961 which  make  labeled  oligosaccharides  (maltose, 
mahotriose,  mahotetraose,  etc.)  from  C~Mabeled 
glycogen.  Though  the  significance  of  these  en- 
zymes  in  glycogen  metabolism  is  not  yet  fully 
defined,  their  relationship  to  the  membranous 
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